INTRODUCTION
3D models are becoming more commonplace to visualise regional geology and for predictive investigations in mineral exploration, groundwater and hydrocarbon reservoir simulations and geothermal projects. The Geological Survey of Western Australia is in the process of developing 3D geological products to complement its extensive range of 2D geological maps, datasets, and data packages.
The 3D models combine information from geological field mapping and interpretation of geophysical data including gravity,aerial magnetic surveys and seismic and magnetotelluric studies. However, as information at depth is constrained to relatively shallow drill holes, the structure below the surface is often needs to be inferred from surface measurements. The question therefore becomes: how reliable is a 3D model at depth for predictive purposes? Can we quantify the errors associated with the inputs to the model and use them to assess the errors in the final model?
Several methods exist to evaluate uncertainties related to geophysical measurements and inversions. We evaluate here how, in addition, uncertainties in geological observations and interpretations can be taken into account for a more complete analysis and visualisation of subsurface uncertainties in our regional scale 3D subsurface models.
In the following, we will briefly describe the applied method to evaluate error propagation from uncertain geological observations and measurements to 3D structural models. As a test of feasibility, we apply our approach to a greenstone belt in Western Australia as a representative example of the types of 3D models and uncertainties that we are typically encountering. Finally, we will discuss how these types of geological uncertainty estimation can be combined with the estimation of geophysical uncertainties, and how geological uncertainty can be reduced with the consideration of additional geological information or measurements.
IDENTIFICATION OF UNCERTAINTIES IN 3D GEOLOGICAL MODELS
We base our method on recently developed techniques to evaluate uncertainties in 3D geological models with a uncertainty simulation approach (Jessell et al., 2010 , Wellmann et al., 2010 . This approach follows the common procedure to consider input parameters as random variables with a defined probability distribution and to generate parameter sets that draws from these distributions. In our case, input parameters are sets of structural geological observations (surface contact points and orientation measurements), and probability distributions are assigned to the parameters according to estimated measurement and interpretation errors.
An important aspect for the feasibility of an automated geological uncertainty simulation approach is the availability of a completely automated model construction method. In addition, it is important for the types of geological settings that we encounter in Archean bedrock, that the modelling method can handle sufficiently complex geological structursuch as multiply deformed stratigraphic unitrs and complex fault networks. We use here an implicit potential-field approach that fulfils these criteria (Calcagno at al., 2008) . Whereas the method is implemented in the commercial modelling package GeoModeller (http://www.geomodeller.com for information),
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We initiate the geological uncertainty evaluation from a 3D geological model constructed in GeoModeller. This initial model contains the set of geological parameters (surface contact points and orientation measurements), as well as additional geological information, for example the sequence of subsequent geological layers (equivalent to a stratigraphy for basin models), contact relationships between layers (erosive, onlap), as well as faults and their interaction with geological layers and other faults (see . Calcagno et al., 2008 , for further details).
The geological parameters of the initial model form the input set for the uncertainty analysis. These parameters are treated as random variables with defined probability distributions instead of fixed values. Correlations between different parameters can be considered. We then generate multiple randomised input data sets for the geological parameters, construct a model for each of these data sets, and finally export those models into a regular voxet grid format, populated with an identifier for each geological unit (Wellmann et al., 2010 . With this approach, we derive a set of discretised geological models, each a possible realisation within error of the initial geological parameters and their correlations.
The set of generated geological models can be used as a basis for several uncertainty analysis and visualisation methods (e.g. Reganuer-Lieb, 2012, Lindsay et al., 2013) . One straightforward way to estimate uncertainties is to determine unit probabilities from indicator functions for each different geological unit of the model (Wellmann et al. 2010) .
As an extension, the cell information entropy can be calculated on the basis of these unit probabilities, as a measure of uncertainty at each position (Wellmann and Regenauer_Lieb, 2012) . These methods to estimate and visualise uncertainties are here applied to an existing 3D model of a greenstone belt in Western Australia.
SANDSTONE GREENSTONE BELT
The model of the Sandstone Greenstone Belt was built on the basis of geological maps and interpretations of geophysical surveys. The Sandstone Greenstone Belt is a multiply folded isolated occurrence of Neoarchean volcanic-sedimentary stratigraphy in the Yilgarn Craton, surrounded by younger Neoarchean granites. Surface geology is taken from the Sandstone and Atley 1:100,000 geological map sheets Chen 2003 , Chen & Painter, 2005 .
The Bouguer gravity anomaly grid was cut from the WA State grid which is gridded using all open file gravity data within the state (GSWA, 2013a). Coverage over the Sandstone area is good with data points on an approximate 2.5 km grid and and more dense spacing along specific traverses. Aeromagnetic data was taken from the WA state merge of open file and government surveys over the area which was gridded at 80 m (GSWA, 2013b). Physical property data was taken from hand specimens from the Agnew-Wiluna greenstone belt, which is 120 km to the east, but has sufficiently similar lithologies (Williams 2009 ).
A deep seismic reflection survey was conducted in 2010 and one of the lines (10GA-YU2) crossed the northern part of the Sandstone greenstone belt. The source was three IVI Hemi-60 vibrators shooting 2-3 sweeps at spacing of 80 m or 40 m over the greenstone areas. Receiver groups were every 40m along a 12 km spread. Processed images were produced down to 20 s two-way travel time (TWTT) (Costelloe and Jones, 2013) . Interpretation of the reflection profiles in the vicinity of the Sandstone area was made by Zibra et al (2013) and was the most important factor in deducing the subsurface structure for the model. Initial forward models of several gravity profiles, including one along the seismic line were generated for additional depth constraints. The initial GeoModeller model covers an area of 40 x 40 km and extends to a depth of 21 km. It was forward modelled in 3D firstly for gravity and then for magnetics to get a reasonable fit to the observed potential field anomalies. The final model was refined using the inversion functions of GeoModeller.
ESTIMATION OF ERRORS
The field area is extensively covered by laterite, colluvium and sheetwash, with good exposure only found in the west, east and southern margins of the greenstone (Chen, 2005) . Hence Chen (2003) had relied heavily on shallow RAB drill holes and interpretation of geophysical data. Surface dip measurements were made where possible, but many are very steep.
Due to these considerations, we can expect that geological parameters at depth contain significant errors. Under some circumstances, we can expect to measure parameter error, for example from repeated measurements of orientations. In this preliminary case, we rely on expert knowledge gained during model construction and gravity and magnetics forward modelling and inversion, as well as during the interpretation of the seismic data.
ANALYSIS OF MODEL UNCERTAINTIES
We use the approach described above to analyse how errors in geological parameters affect the constructed geological model. Using the model simulation technique, we generate 150 randomised realisations of the geological model. One of these realisations is presented in Figure 2 . Fig. 2 : One realisation of the randomly generated suite of geological models, discretised into a regular grid of 100 x 100 x 100 cells.
To represent uncertainties in the geological model, we first analyse the greenstone formation (unit ID 5 in Figure 2 ) in more detail. Based on all model realisations, the spatial indicator functions are determined and probabilities for the greenstone formation estimated at every cell location. Results of this analysis are shown in Figure 3 , which shows that the probability is decreasing with increasing depth. This result is in accordance to the errors of geological parameters that define the depth of the greenstone unit.
Whereas the representation of model uncertainties as probabilities (Figure 3 ) is suitable to visualise uncertainties of a single geological unit, it is not suitable to visualise uncertainties in the entire geological model. For this purpose, we calculate the information entropy on the basis of the probabilities for all possible outcomes at every single cell location. Important aspects are that the entropy of a cell is zero if only one geological unit is possible (i.e. one unit has an estimated probability of 1 at this position), and therefore no uncertainties exist. The more units are possible at a location, and the more uniformly distributed the probabilities for these outcomes are, the higher the value of information entropy. For example, of two outcomes are possible with a probability of 0.5, the entropy is 1. For more details on the method and interpretation, see Wellmann and Regenauer-Lieb (2012) .
Results of the analysis of cell entropy are visualised in Figure 4 . In addition to the uncertain base of the greenstone (cf. Figure  3) , we can now identify additional uncertainties around deeper layers in the model. Especially pronounced are uncertainties in the lower right corner of the model where several geological units are possible, resulting in high overall model uncertainties. 
DISCUSSION
We successfully applied a novel method for the analysis of uncertainties in geological models to a 3D structural model of the Sandstone Greenstone Belt in the Yilgarn Craton in Western Australia. The analysis is based on errors in geological parameters (surface contact points and orientation measurements) in the model. These errors are directly related to the errors of the geophysical data sets and their interpretation that were used to construct the initial geological model. We estimate the error propagation with a simulation approach where we construct multiple realisations of the geological model, all probable in the range of parameter uncertainties, and finally use a range of methods to analyse the generated suite of models. The visualisation of unit probability for the greenstone unit provided a direct insight into uncertainties with relation to a single geological unit, and the analysis of information entropy provided a basis for the interpretation of uncertainties in the entire model. In summary, those methods provided us with a way to identify uncertainties in the geological model of the Sandstone Greenstone Belt.
The suitable estimation of parameter errors is the essential basis to perform the type of uncertainty analysis that we performed here. In the presented case study, we estimated those errors from results of geophysical forward modelling and inversion that were previously performed to construct and adjust the model. However, additional sources of error could be considered for a more comprehensive analysis. For example, we plan to include errors of surface geological mapping and interpretation (due to lack of outcrop), and errors in measurements of geological orientations at the surface. Furthermore, preliminary studies have shown that it is possible to consider additional geological information that might help reduce uncertainties, for example the expected shape of structures at depth. With the range of novel approaches analysing uncertainties in 3D structural geological models, we are optimistic that uncertainty evaluations can form an integral part of future 3D geological modelling products.
